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Introduction
Aggressive contests are seen across many taxa and have important fitness implications for the individuals involved, resolving conflicts among conspecifics over access to limited resources such as territory, food and mates [1] . Size discrepancy between competitors is an important factor in deciding conflict outcome [2] . A large discrepancy in body size, or ornament size in sexually selected species, often leads to quick contest resolution in favor of the larger competitor, because body size and ornament size can serve as reliable indices of resource holding potential [3] . Relative body size provides a ready means of opponent assessment and, in a variety of species, larger competitors often experience a greater likelihood of winning a direct encounter. Absolute body size is a dependable http://dx.doi.org/10.1016/j.bbr.2015.07.028 0166-4328/© 2015 Elsevier B.V. All rights reserved.
predictor of winning contests in crickets [4] , crayfish [5] , swimming crabs [6] and cichlid fish [7, 8] . Similarly, ornament size reliably predicts contest outcome in many species. Examples of ornament size that have been positively associated with increased odds of winning contests include the head plume in male quail [9] , casque and pink coloration size of Cape dwarf chameleons [10] , the red spot of the American rubyspot [11] and comb size (along with body size) in the red jungle fowl [12] .
Opponent assessment, aggression and conflict resolution are modulated by central monoaminergic activity [8, 13] altering of which may be sufficient to overcome initial size-biased disparities. In some arthropods, increased activity of the monoamine serotonin (5-HT) is associated with either greater expression of high-intensity aggression or decreased likelihood of retreating from an agonistic encounter, depending on the species [5, [14] [15] [16] [17] [18] . This finding is supported by studies in which individual aggressive behavior is heightened by increasing 5-HT levels through either pharmacological or genetic manipulations [5, 15, [19] [20] [21] . While the role of 5-HT in arthropods in aggressive expression and contest outcome between size-matched opponents is relatively well studied and clear, with some conflicting results, the effects of 5-HT manipulation on opponent assessment and contest outcome in size-mismatched contests is equivocal and understudied. For example, Huber et al. [5] found that increased 5-HT in one crayfish species decreased the willingness of smaller subordinate animals to retreat but did not increase the chance of winning a contest. In contrast, Momohara et al. [14] reported that elevating 5-HT in another species of crayfish increased not only levels of aggression but also likelihood of winning. However, both studies suggest that 5-HT is important for modulating aggression, including decisions regarding initiation, escalation or retreat, and can promote smaller individuals to overcome initial opponent assessments based on body size.
We have been developing the sexually dimorphic stalk-eyed fly, Teleopsis dalmanni, as a model for investigating mechanisms underlying aggression, escalation, and conflict resolution, because males use their elongated eyestalks as communicative signals in two different aggressive contexts [22] ; male flies defend both diurnal feeding sites [23, 24] and nocturnal roosting sites that allow mating access to females [25] [26] [27] . Larger males with broader eye spans (i.e., longer eyestalks) typically win contests in both situations [28, 29] . However, smaller males do win a small percentage of these interactions [24, 30] . Agonistic encounters between males follow a stereotyped escalated progression from lower to higher intensity actions consistent with sequential assessment (but see [31] ) that are terminated when one of the rivals capitulates and retreats [32] , typically without injury.
The exact mechanisms underlying opponent assessment in stalk-eyed flies that eventually lead to conflict resolution are not well understood. However, we have recently developed methods to quantify and to pharmacologically manipulate 5-HT in the brains of individual stalk-eyed flies [33] , allowing us to investigate its proximate role in regulating and constraining aggression. In previous studies, we found that stalk-eyed flies which had higher brain 5-HT relative to an opponent showed increases in the expression of aggressive behaviors, decreases in the number of retreats and that higher 5-HT resulted in a markedly increased likelihood of winning against a size-matched competitor [34] . These results indicate an important role of 5-HT in both conflict escalation and conflict resolution in this species. In this study, we determined whether increasing brain 5-HT could overcome the escalation pattern and outcome of an aggressive contest normally predicted by a size discrepancy. We hypothesized that pharmacologically increasing 5-HT in smaller males, "David", would increase both aggressive behaviors and contest escalation while decreasing willingness to retreat despite the initial assessment of a larger untreated opponent, "Goliath". Concurrently, we observed whether the larger opponent's behavior changed as a result of the pharmacologically-enhanced aggression of smaller flies. Increased aggressive responses by larger males toward treated smaller males would indicate that agonistic reactions can be modulated according to the perceived level of opponent aggression, surpassing assessment of a supposedly weaker competitor based initially on body size alone. Thus, we predicted that if larger flies were assessing their opponents, in part by the opponent's level of aggression, then they would react with escalated aggression in a manner more reminiscent of size-matched contests.
Methods

Subjects
Male stalk-eyed flies, Teleopsis dalmanni, used in this experiment were all descendants of pupae collected by Dr. Gerald Wilkinson (University of Maryland-College Park) from Gomback Field Station near Kuala Lumpur, Malaysia in 2012. Flies in this study were housed communally (∼100) in clear plastic cages (45 × 22 × 19 cm) with access to food and water ad libitum on a 12 h light/dark cycle at constant temperature (25 • C) and humidity (∼70%) [35] . Cages included hanging string to mimic rootlets found in the natural habitat, which promotes natural mating and competitive behavior among males. Study males were between three weeks and 2 months post-eclosion. Males were anesthetized with CO 2 , positioned on their thoracic spines, and eye span was measured to the nearest 0.01 mm using scion image [36] . Eye span differences in this species serve as a reliable index for body size difference [35, 37] . Therefore, opposing pairs of size-mismatched males were established based on a minimum of 5% difference in eye span. The males were assigned to 3 treatment groups, comprised of untreated smaller opponents (n = 20), pharmacologically treated smaller opponents (n = 20), and untreated larger opponents (facing either a treated or untreated smaller opponent, n = 20 per group). Respective groups were then transferred to smaller cages (14 × 14 × 14 cm) housing between 2 and 6 flies. Food and water were provided ad libitum.
Pharmacological manipulation
Sterilized and pureed sweet corn kernels were prepared according to [33] . Both untreated and treated food media included 1 mL/100 mL methylparaben as a mold inhibitor, 25 mg of ascorbic acid to act as a stabilizer, and food coloring to ensure uniform mixing. Treated food media also included 3 g/100 mL of 5-hydroxyl-tryptophan (Sigma-Aldrich, St Louis, MO) [33] . Flies were allowed access to the treated corn ad libitum for 4 days prior to trials, which reliably produces a minimum 8-fold increase of brain 5-HT content relative to non-treated flies [33] .
Forced-fight paradigm
After the 4-day feeding period, size mismatched fighting pairs were placed in an arena (11 × 6.5 × 5 cm rectangle containing a removable glass ceiling and glass wall) containing moist filter paper as a floor and a removable central cardboard barrier that separated the individuals, but no food was provided [30, 32] . Twelve hours after placement in the arena, the cardboard divider was removed and a small piece of pureed corn (approximately 5 mm in diameter) was introduced to initiate the contest [33] . This 12-h starvation period promotes willingness to engage in aggressive behaviors over a food resource [30, 32] . The interactions were then recorded for 10 min using a digital video recorder for later scoring of behavior.
Dissection and sample preparation
Immediately following the behavioral contest, flies were aspirated out of the arena and anesthetized with CO 2 . The heads were immediately removed under a microscope at 40× magnification using micro-scissors. Eye stalks and mouthparts were both removed, as these contain residual food, tissue, and pigments that can interfere with analysis of brain tissue. Micro-tweezers were inserted into the oral cavity to split open the exoskeleton and expose the brain. The exposed neural tissue and surrounding exoskeleton were then placed into 60 L of acetate buffer containing the internal standard ␣-methyl-dopamine and stored at −80 • C. The dissection process took less than 1 min per fly.
Data acquisition
5-Hydroxytryptophan (5-HTP) and 5-HT were measured in single whole brain samples using high performance liquid chromatography with electrochemical detection using a method adapted from Bubak et al. [33] . Frozen samples were thawed and then centrifuged at 17,000 rpm at 4 • C. The supernatant was removed and 45 L of the sample was injected into the chromatographic system. Amines were separated using a C 18 4 m NOVA-PAK radical compression column (Waters Associates Inc., Milford, MA) and detected using an LC 4 potentiostat and a glassy carbon electrode (Bioanalytical Systems, West Lafayette, IN). The sensitivity was set at 1 nA/V with an applied potential of +0.9 V vs. an Ag/AgCl reference electrode. The mobile phase was made by dissolving 8.6 g sodium acetate, 250 mg EDTA, 11 g citric acid, 130 mg octylsulfonic acid in water, and adding 160 mL of methanol to a final volume of 1L distilled water. The pH was adjusted to 4.1. All chemicals were obtained from Sigma-Aldridge (St. Louis, MO). The remaining tissue pellet was solubilized in 60 L of 0.4 M NaOH and analyzed for protein using the Bradford method [38] . Amine concentrations were determined using a CSW32 data program set in internal standard mode using peak height values relative to standards. The resulting concentrations were divided by g protein in the sample yielding pg amine/g protein and corrected for injection vs. preparation volume.
Behavioral analysis
For each individual, the number and duration of separate interactions (beginning with lining up eyestalks to conflict resolution) occurring within the 10 min forced fight were measured. Specific behaviors of each opponent were also measured, based on an ethogram adapted from Egge et al. [32] . The behaviors included within the ethogram were mutually exclusive so that only one behavior during an aggressive interaction could occur at any given time. Any behaviors occurring outside an aggressive interaction were not scored. An aggressive interaction began with the approach of a fly toward its opponent or by the mutual lining up of eye stalks between opponents. The behaviors scored for each opponent fall into three categories; low-intensity behaviors, high-intensity behaviors, and conflict resolution behaviors. Low-intensity behaviors consist of aggressive behaviors that do not include physical contact with an opponent, such as contest initiation (approaching an opponent that ultimately results in an aggressive confrontation), flexing, and rearing. Only one of the opponents was awarded a score for contest initiation at the beginning of each interaction, if both flies appeared to approach their opponent and line up simultaneously no initiation score was awarded. High-intensity behaviors are denoted by physical contact between opponents, including swiping motions with the forelegs toward the opponent, tussling in which the competitors interlock forelegs, and jump attacking where a competitor jumps or climbs onto the back of its opponent. Conflict resolution was marked by behaviors which led to the aggressive interaction being halted for a minimum of 3 s. Behaviors that could cause this resolution included slowly walking away from an opponent, retreating (swiftly moving in opposite direction from opponent) from or pursuing an opponent, or becoming unaligned from the opponent. Behaviors were scored using the behavioral software Jwatcher [39] . Along with these behaviors, duration of individual interactions (beginning with lining up eyestalks to conflict resolution) was also measured. Fights were scored by experimenters blind to treatment, with each fly's behavior measured separately. As fights consist of multiple aggressive interactions, the contest outcome was determined by the number of retreats such that the fly engaging in more retreat behaviors was designated to be the loser and its opponent the winner [32] .
Statistical analysis
A one-way ANOVA with a Tukey's multiple comparisons test was used to test for differences in 5-HT concentrations between all groups. Separate unpaired Student t-tests were used to test for differences in means for number of interactions, initiations, highintensity behaviors, or escalations between treated and untreated smaller opponents, or between larger competitors facing treated vs. untreated opponents. The likelihood of being the first to either escalate or initiate an interaction was determined within each treatment group using separate Fisher's exact tests employing a two-tailed contingency table. The probability of either treated or untreated smaller opponents winning the entire 10 min forced fight was also determined using a Fisher's exact test. All statistical tests were conducted using Prism 6 (GraphPad Software) with a set 0.05 alpha level.
Results
Pharmacological manipulation of 5-HT
Pretreatment with 5-HTP resulted in a significant elevation of brain 5-HT in treated smaller flies when compared to all other groups (one-way ANOVA, F (3, 76) = 21.61, p < 0.001; Table 1 ). Treated competitors had an approximately 12-fold increase compared to untreated competitors (180.8 ± 35.1 vs. 15 ± 0.5 pg/g protein; Table 1 ). The 5-HT concentrations in larger opponents of both treated and untreated smaller rivals were not significantly different (19.8 ± 1.2 vs. 17.2 ± 2 pg/g protein; Table 1 ). In previous studies, using the same dose of 5-HTP, the increase in 5-HT was approximately two-fold [33, 34] . We have no explanation for this discrepancy.
Aggressive behavior and fight outcome in treated flies
Smaller treated males engaged in significantly more aggressive interactions during the 10 min forced fight with their larger opponent compared to dyads containing untreated smaller opponents (mean ± SEM; 4.95 ± 0.6 vs. 3.4 ± 0.39, respectively; Student's t-test, df (38) , p = 0.0361; Fig. 1A ). Furthermore, smaller treated flies won or tied significantly more of these aggressive interac- tions compared to smaller untreated flies (mean ± SEM; 3.5 ± 0.43 vs. 1.9 ± 0.3, respectively; Student's t-test, df (38), p = 0.0041; Fig. 1B ). The mean duration of interactions within a fight involving treated and untreated opponents remained essentially unchanged (13.19 s ± 1.14 vs. 13.03 s ± 2.13; Student's t-test, p = 0.92).
Treated smaller opponents were also more likely than untreated smaller opponents to initiate aggression during the 10 min forced fight, with 18 out of 20 treated flies initiating at least one aggressive interaction. In contrast, only 7 of the 20 untreated smaller flies initiated aggressive behaviors (Fisher's exact test p = 0.0079, Fig. 2A ). Furthermore, treated males performed approximately four times as many initiations in a fight compared to untreated individuals (mean ± SEM; 1.75 ± 0.32 vs. 0.4 ± 0.11; Student's t-test, df (38) , p = 0.0003; Fig. 2B ). Treated, smaller opponents also produced twice as many high-intensity behaviors (physical contact) during their interactions compared to untreated, smaller opponents (mean ± SEM; 2.45 ± 0.44 vs. 1.2 ± 0.33; Student's t-test, df (38) , p = 0.0282; Fig. 3 ). However, smaller, treated flies did not show an increased likelihood of escalating an encounter to high-intensity levels, judged by being the first to engage in swiping, tussling, or jumping (mean ± SEM; 0.75 ± 0.22 vs. 0.45 ± 0.18; Student's ttest, df (38) , p = 0.31). Out of 20 treated, smaller flies, 8 escalated a contest compared to 5 untreated smaller flies (Fisher's exact test p = 0.5). Smaller treated competitors, despite having more successful interactions within the 10 min contest, also did not show a greater probability of winning the entire 10 min forced fight when compared to untreated competitors, winning 4 of 20 fights with 7 draws while their untreated counterparts won 3 of 20 fights with 6 draws (Fisher's Exact Test, p = 0.67). 
Aggressive responses of larger opponents toward treated rivals
Larger males facing treated smaller opponents performed a greater number of high-intensity behaviors during their interactions than those facing untreated, smaller opponents (mean ± SEM; 5.5 ± 1.1 vs. 1.94 ± 0.84; Student's t-test, df (36), p = 0.0137; Fig. 4A ). The mean number of escalations for larger flies facing treated opponents was also significantly higher than larger flies facing untreated opponents (mean ± SEM; 1.7 ± 0.33 vs. 0.75 ± 0.32; Student's t-test, df (38), p = 0.045; Fig. 4B ). Likewise, individual larger competi- tors facing treated opponents were more likely to escalate fights, defined as being the first to perform a high intensity behavior (make physical contact) such as swiping, tussling or jump attack in an already ongoing aggressive contest, than larger competitors facing an untreated counterpart (16 vs. 7 individuals, respectively; Fisher's exact test, p = 0.0095, Fig. 5 ). However, the number of aggressive interactions initiated by larger males toward either treated or untreated smaller males during the 10-min fight did not differ (mean ± SEM; 2.65 ± 0.35 vs. 2.05 ± 0.27; Student's t-test, df (38), p = 0.18). The likelihood of larger individuals initiating at least one interaction was also not significantly different when facing either a treated or untreated opponent (20 vs. 18 individuals, respectively; Fisher's exact test, p = 0.49). Thus, larger flies needed to be in an already progressing aggressive interaction before they altered their behavior by escalating to higher intensities; an effect that is amplified when facing treated opponents.
Discussion
In this study, we examined the effects of 5-HT manipulation on smaller competitors to determine whether elevated 5-HT levels would be able to overcome the normal size biases of opponent assessment and contest escalation. Previous studies have shown that larger male stalk-eyed flies win more than 75% of contests in which the combatants differed by more than 5% in eye span [24, 30] . Additionally, in a size-matched contest, males with 5-HT pharmacologically elevated by roughly 2-fold won 85% of the time against control males [33] and displayed greater levels of high-intensity behaviors and fewer retreat behaviors [34] . Following the procedures developed by Bubak et al. [33] , we manipulated brain 5-HT levels of smaller competitors by oral administration of its metabolic precursor, 5-HTP, resulting in a nearly 12-fold 5-HT increase in the treated smaller flies relative to all other groups. Despite the large increase in 5-HT, pre-treatment with 5-HTP did not affect overall contest outcomes; that is, the treatment did not result in the smaller competitor, "David", slaying the larger "Goliath". However, it did significantly alter the progression of the contest and the types of aggressive behaviors displayed by both the larger and smaller opponents, consistent with our predictions.
Treated smaller flies showed an increased willingness to engage and persist in aggressive contests, corroborating the findings of Bubak et al. [34] which showed that flies with elevated 5-HT were less likely to retreat in contests with size-matched opponents. Consistent with our results, Huber et al. [5] also demonstrated that subordinate crayfish treated with 5-HT were less willing to retreat, but that overall contest outcome remained unchanged, with subordinate competitors still more likely to lose. In our study, increasing brain 5-HT also increased the likelihood that smaller flies would engage in aggressive contests, promoting both the initiation and number of aggressive interactions. This may indicate that heightened 5-HT either increased motivation to engage in an aggressive contest or artificially enhanced self-perception of resource holding potential (i.e., fighting ability). Finally, treated males engaged in more high-intensity behaviors (swiping, tussling, and jump attacks) than untreated males. The increased high-intensity interactions and behaviors in treated flies suggests that 5-HT plays an important role in the decision to not only remain in a contest but also to persist in expressing high levels of aggression despite discrepancies in body size.
Interestingly, despite the increased number of high-intensity behaviors exhibited in contests including treated smaller flies, contest duration did not change, indicating that the escalation and continuation of high-intensity encounters was not simply a byproduct of the contest lasting longer. Together, these behavioral differences between treated and untreated flies indicate that 5-HT may either be involved in rival assessment or in controlling the willingness to engage in risky behaviors, rather than being absolutely necessary for the expression of aggression. Although it was initially reported that neural 5-HT had a limited or absent role in insect aggression (e.g., crickets and Drosophila; [40, 41] ), more recent studies suggest, at least for some species, the contrary [reviewed in [42] ]. For example, decreasing 5-HT activity in male Drosophila reduces fight escalation but does not abolish aggression [15, 21] while increasing 5-HT increases aggression [15] . However, the pre-cise physiological mechanism by which 5-HT modulates aggression is still unknown. It is likely that particular 5-HT receptor subtypes contribute to the expression and inhibition of distinct aggressive behaviors as seen in Drosophila [16] . This mechanism could be extended further by the possibility of these receptors controlling the release of other neurochemicals known to increase aggression in insects such as octopamine [40, [43] [44] [45] [46] [47] . The underlying proximate mechanisms by which 5-HT modulates aggression as well as the correlation with other biochemical systems should be the focus of future studies. Intriguingly, 5-HTP treated, smaller flies were not the only competitors to show a change in aggressive behavior. The larger flies competing against smaller, treated males performed significantly more high-intensity behaviors than their counterparts facing untreated, smaller opponents (Fig. 4A) , and also engaged in a higher number of interactions that escalated in intensity. However, it was only the larger competitor, and not their treated opponents, that showed greater likelihood of being the first to escalate a contest by expressing a high-intensity behavior. The number of contests initiated by larger males remained the same regardless of whether the opponent was treated. This suggests that the larger flies are driving the escalation of these aggressive contests in response to the greater frequency of aggressive behaviors displayed by the smaller opponents with elevated 5-HT levels. Since treated flies but not their opponents initiated more aggressive interactions, the heightened aggressive reaction by the larger flies suggests that the smaller opponents may have evoked an overt aggressive response from the larger opponent, which normally would have won the fight simply by posturing. In essence, smaller, treated flies appear to be "poking a sleeping giant" and forcing an escalation response from their larger opponent despite the potential negative consequences.
Our results stand in contrast to Huber et al. [5] who found that the main effect of 5-HT elevation in subordinate crayfish was to increase the duration of contests between smaller and larger opponents, which appeared to be driven by the smaller opponent's unwillingness to retreat and not by escalation of fighting patterns by either the dominant or subordinate opponent specifically. In this study, we did see increased initiations of aggressive encounters and increased interactions by treated flies, alluding to a willingness to fight, despite the duration of these contests not being increased. Similarly, Momohara et al. [14] found that smaller crayfish (of a different species from that examined by Huber et al. [5] ) treated with 5-HT showed an increase in aggressive behaviors toward larger opponents, but not in contest duration. However, in contrast to our study, Momohara et al. [14] demonstrated that 5-HT elevations increased the likelihood of winning contests against larger opponents. A possible explanation of the discrepancy between our study and that of Momohara et al. [14] is that the larger opponent's perception of their treated opponent was altered, leading to the increase in escalation behaviors and resulting in a more costly fight that would favor a larger competitor. Thus, our study indicates that treatment of the smaller rival results in the alteration of behaviors of both opponents, providing clues to the assessment strategies used by stalk-eyed flies and the degree of behavioral information they perceive during a confrontation.
Overall, we found that increasing brain 5-HT in smaller opponents led not only to an increased willingness to engage in aggressive encounters but also an increased production of highintensity behaviors, consistent with previous studies [5, 14, 17, 34] . Furthermore, while the smaller treated flies increased aggression and were more likely to initiate aggressive contests and engage in risky high-intensity behaviors, it was actually their larger opponents that showed a higher likelihood of being the first to express a high intensity behavior. This implies that aggressive behavior is not fixed in these individuals, but can be modified in a contextuallyappropriate manner beyond initial morphological perception by incorporating assessments of opponent behavior as the interaction proceeds.
